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Heavy flavor physics and CPV
• Heavy flavor physics has achieved great progress in 

meson systems, 

• KM mechanism for the CPV has established in B 

meson decays, 

• But the studies on heavy flavor baryons are still 

limited. 

• SM and cosmology require CPV, 

• Which is well established in K, B and D mesons, but 

never established in any baryon. 

• Comparison between predictions and measurements 

is helpful to test SM and search NP.

non-trivial extension
more is different



Opportunities and Challenges

• LHCb is a baryon factory, has large  production:  

• Baryon CPV measurements in LHCb have reached to order of   [LHCb,2018] 

• CPV in some B meson decays are as large as [PDG,2022] : 

• The CPV in b-baryon can be observed soon. 

• QCD dynamics for baryon decays: 
🔘one more hard gluon;  🔘power counting rule;  🔘Why CPV of  are so small 

• Non-perturbative inputs 
🔘Theoretical uncertainties are dominated by non-perturbative inputs, such as LCDAs 

• Observables 
🔘T-odd triple products , defined by kinematics, but unclear related to decay 
amplitudes. 

• ……

Λb
NΛb

NB0,−
∼ 0.5

1 %

10 %

Λb → pπ, pK

( ⃗p1 × ⃗p2) ⋅ ⃗p3

ACP(Λb → pπ−) = (−3.5 ± 1.7 ± 2.0) % , ACP(Λb → pK−) = (−2.0 ± 1.3 ± 1.0) %

ACP(B0 → K+π−) = (−8.34 ± 0.32) % , ACP(B0 → K*0η) = (19 ± 5) % , ACP(Bs → K−π+) = (22.4 ± 1.2) %



Theoretical progresses
• QCD studies on baryons are limited 

✔Generalized factorization [Hsiao,Geng,2015; Liu,Geng,2021]; 

lost of non-factorizable contributions, such as types of W-exchange diagrams 

✔QCDF [Zhu,Ke,Wei,2016;2018] 

based on diquark picture, no W-exchange diagrams 

✔PQCD [Lü,Wang,Zou,Ali,Kramer,2009] 

only considering the leading twist of LCDAs

measurement Generalized 
factorization

QCDF PQCD

Br(Λb → pπ−) × 10−6

Br(Λb → pK−) × 10−6

ACP(Λb → pπ−) %

ACP(Λb → pK−) %

4.5 ± 0.8

5.4 ± 1.0

−2.5 ± 2.9

−2.5 ± 2.2

4.2 ± 0.7

4.8 ± 0.7

−3.9 ± 0.2

5.8 ± 0.2

4.66+2.22
−1.81

1.82+0.97
−1.07

−32+49
−1

−3+25
−4

4.11 ∼ 4.57

1.70 ∼ 3.15

−3.74 ∼ − 3.08

8.1 ∼ 11.4



• More is different, baryons are very different from mesons! 

• Factorization: heavy-to-light form factor is factorizable at leading power in SCET and no end-

point singularity appears! [Wei Wang,1112.0237] 

• However, the leading-power result is one order smaller than the total one 

🔘Leading-power:  [W.Wang,2011] 

🔘Total form factor:  [Y.L.Shen,Y.M.Wang,2016]

ξΛb→Λ(0) = − 0.012

ξΛb→Λ(0) = 0.18

ξΛb→Λ = fΛb
ΦΛb

(xi) ⊗ J(xi, yi) ⊗ fΛΦΛ(yi)

Two hard gluons 
suppressed by  
at leading power

α2
s

Soft contributions 
in the power 
corrections



PQCD approach
• PQCD has successfully predicted CPV in B meson decays 

• Under collinear factorization: 

🔘endpoint singularity: propagator  when ∼
1

x1x2Q2
→ ∞ x1,2 → 0,1

ACP(B → π+π−) = (30 ± 20) % , ACP(B → K+π−) = (−17 ± 5) %
[Keum,H-n.Li,Sanda,2000; C.D.Lü,Ukai,M.Z.Yang,2000]

ACP(B → π+π−) = (32 ± 4) % , ACP(B → K+π−) = (−8.3 ± 0.4) %
[PDG,2022; first measurements were made in 2001]

𝒜 = ⟨M2M3 |ℋ |B⟩

∼ ∫
d4k1

(2π)4

d4k2

(2π)4

d4k3

(2π)4
ΨB(k1, μ)Ψ2(k2, μ)Ψ3(k3, μ) ⋅ H(k1, k2, k3, μ)Ci(μ)

Factorization hypothesis:

𝒜 ∼ ∫
1

0
dx1dx2dx3ϕB(x1, μ) * H (x1, x2, x3, μ, αs(xi, μ)) * ϕη(x2, μ)ϕJ/ψ(x3, μ)



𝒜 = ⟨M2M3 |ℋ |B⟩

∼ ∫
d4k1

(2π)4

d4k2

(2π)4

d4k3

(2π)4
ΨB(k1, μ)Ψ2(k2, μ)Ψ3(k3, μ) ⋅ H(k1, k2, k3, μ)Ci(μ)

∼ ∫
1

0
dx2dx2dx3 ∫

d2k1T

(2π)2

d2k2T

(2π)2

d2k3T

(2π)2
ϕB(x1, k1T, μ)ϕ2(x2, k2T, μ)ϕ3(x3, k3T, μ) ⋅ H(x1, x2, x3, k1T, k2T, k3T, μ)Ci(μ)

H(xi, kT, μ) ∼
N1(x1, x2, x3)N2(x1, x2, x3)

l2 p2
c

=
N1(x1, x2, x3)

x1x3M2
B − |k1T − k3T |2

N2(x1, x2, x3)
M2

B(1 − x3) − |k3T |2

• PQCD approach (based on  factorization): retain transverse momentum of parton  

🔘propagator

kT kT

∼
1

x1x2Q2 + |kiT |2

• Resum double-log radiative correction, obtain  Sudakov factor  and threshold 
Sudakov factor .

kT S(xi, bi)
St(xi)

[NPB (Collins, 1981) 
NPB (Botts, Sterman, 1989) 
PRD (Hsiang-nan Li, 1995) 
PRL (Hsiang-nan Li, 1995) 
PRD (Hsiang-nan Li, 1996) 
PRD (Hsiang-nan Li, 1998) 
……]



𝒜 = ⟨M2M3 |ℋ |B⟩

∼ ∫
d4k1

(2π)4

d4k2

(2π)4

d4k3

(2π)4
ΨB(k1, μ)Ψ2(k2, μ)Ψ3(k3, μ) ⋅ H(k1, k2, k3, μ)Ci(μ)

∼ ∫
1

0
dx2dx2dx3 ∫

d2k1T

(2π)2

d2k2T

(2π)2

d2k3T

(2π)2
ϕB(x1, k1T, μ)ϕ2(x2, k2T, μ)ϕ3(x3, k3T, μ) ⋅ H(x1, x2, x3, k1T, k2T, k3T, μ)Ci(μ)

• PQCD approach (based on  factorization): retain transverse momentum of parton  

🔘propagator

kT kT

∼
1

x1x2Q2 + |kiT |2

H(xi, bi) ∼ ∫
d2k1T

(2π)2

d2k3T

(2π)2
eib⋅k1Teib⋅k3T

N1(x1, x2, x3)
x1x3M2

B − |k1T − k3T |2

N2(x1, x2, x3)
M2

B(1 − x3) − |k3T |2

∼ N1(x1, x2, x3)N2(x1, x2, x3) ⋅ [K0( x1x3M2
Bb1)I0( (1 − x3)M2

Bb3)K0( (1 − x3)M2
Bb1)Θ(b3 − b1) + K0( x1x3M2

Bb1)I0( (1 − x3)M2
Bb1)K0( (1 − x3)M2

Bb3)Θ(b1 − b3)]

∼ ∫
1

0
dx1dx2dx3 ∫ d2b1d2b2d2b3ϕB(x1, b1, μ)ϕ2(x2, b2, μ)ϕ3(x3, b3, μ) ⋅ H(x1, x2, x3, b1, b2, b3, μ)Ci(μ)× ΠiS(xi, bi)× St(xi)

after Fourier tramsform



 form factors in PQCDΛb → p
Fi(q2) ∼ ∫

1

0
d[x]d[x′ ]∫ d2[b]d2[b′ ]ϕΛb

([x], [b], μ) ⋅ H([x], [x′ ], [b], [b′ ], μ)Ci(μ) ⋅ ϕp([x′ ], [b′ ], μ) ⋅ ΠiS(xi, bi)St(xi)

⟨p | ūγμ(1 − γ5)b |Λb⟩ = p̄( f1γμ − if2σμνqν + f3qμ)Λb − p̄(g1γμ − ig2σμνqν + g3qμ)γ5Λb



 form factors in PQCDΛb → p

⟨p | ūγμ(1 − γ5)b |Λb⟩ = p̄( f1γμ − if2σμνqν + f3qμ)Λb − p̄(g1γμ − ig2σμνqν + g3qμ)γ5Λb

Fi(q2) ∼ ∫
1

0
d[x]d[x′ ]∫ d2[b]d2[b′ ]ϕΛb

([x], [b], μ) ⋅ H([x], [x′ ], [b], [b′ ], μ)Ci(μ) ⋅ ϕp([x′ ], [b′ ], μ) ⋅ ΠiS(xi, bi)St(xi)



 form factors in PQCDΛb → p

• LCDAs for Λb



 form factors in PQCDΛb → p
• LCDAs for proton



 form factors in PQCDΛb → p
• Result of form factor f1

proton contribution

Λb



Two-body non-leptonic  decaysΛb

• Λb → pπ−, pρ−, pa1(1260), pK−, pK*−, pK1(1270), pK1(1400)



Fi(q2) ∼ ∫
1

0
d[x]d[x′ ]dy∫ d2[b]d2[b′ ]dbyϕΛb

([x], [b], μ) ⋅ H([x], [x′ ], y, [b], [b′ ], by, μ)Ci(μ) ⋅ ϕp([x′ ], [b′ ], μ)ϕM(y, by, μ) ⋅ ΠiS(xi, bi)St(xi)

Two-body non-leptonic  decaysΛb

• Kinematics 

• PQCD formula for two-body decays

p = (
MΛb

2
,

MΛb

2
, 0T) p′ = (

MΛb

2
η1,

MΛb

2
η2, 0T)q = (

MΛb

2
(1 − η1),

MΛb

2
(1 − η2), 0T)

k1 = (p+, x1p−, k1T) k′ 1 = (x′ 1p′ +,0,k′ 
1T)q1 = (0,yq−, kq)

q2 = (0,(1 − y)q−, − kq)

k3 = (0,x3p−, k3T)
k2 = (0,x2p−, k2T)

k′ 3 = (x′ 3p′ +,0,k′ 
3T)

k′ 2 = (x′ 2p′ +,0,k′ 
2T)



Two-body non-leptonic  decaysΛb

• LCDAs for meson

[P.Ball, 2005,2006]



• The 18th W-exchange diagram, contribution from leading-twist LCDAs for S-wave

6-dimensional integration 
sample= ⪆ 105

12-dimensional integration 
sample ⪆ 1010





Summary
• Heavy baryon physics play important roles 

• PQCD approach is powerful to explain and predict measurements 

• But we still have a long way to realize 
🔘Sudakov factor in  space;  🔘Threshold Sudakov factor;  🔘factorization; 🔘……kT



backup



• Numerical integration, VEGAS, Parallel computing, GPU-accelerated

sample=3千万

sample=3亿



𝒜 = ⟨M2M3 |ℋ |B⟩

∼ ∫
d4k1

(2π)4

d4k2

(2π)4

d4k3

(2π)4
ΨB(k1, μ)Ψ2(k2, μ)Ψ3(k3, μ) ⋅ H(k1, k2, k3, μ)Ci(μ)

∼ ∫
1

0
dx2dx2dx3 ∫

d2k1T

(2π)2

d2k2T

(2π)2

d2k3T

(2π)2
ϕB(x1, k1T, μ)ϕ2(x2, k2T, μ)ϕ3(x3, k3T, μ) ⋅ H(x1, x2, x3, k1T, k2T, k3T, μ)Ci(μ)

• PQCD approach (based on  factorization): retain transverse momentum of parton  

🔘propagator

kT kT

∼
1

x1x2Q2 + |kiT |2

H(xi, bi) ∼ ∫
d2k1T

(2π)2

d2k3T

(2π)2
eib⋅k1Teib⋅k3T

N1(x1, x2, x3)
x1x3M2

B − |k1T − k3T |2

N2(x1, x2, x3)
M2

B(1 − x3) − |k3T |2

∼ N1(x1, x2, x3)N2(x1, x2, x3) ⋅ [K0( x1x3M2
Bb1)I0( (1 − x3)M2

Bb3)K0( (1 − x3)M2
Bb1)Θ(b3 − b1) + K0( x1x3M2

Bb1)I0( (1 − x3)M2
Bb1)K0( (1 − x3)M2

Bb3)Θ(b1 − b3)]

∼ ∫
1

0
dx1dx2dx3 ∫ d2b1d2b2d2b3ϕB(x1, b1, μ)ϕ2(x2, b2, μ)ϕ3(x3, b3, μ) ⋅ H(x1, x2, x3, b1, b2, b3, μ)Ci(μ)× ΠiS(xi, bi)× St(xi)

after Fourier tramsform



Fi(q2) ∼ ∫
1

0
d[x]d[x′ ]dy∫ d2[b]d2[b′ ]dbyϕΛb

([x], [b], μ) ⋅ H([x], [x′ ], y, [b], [b′ ], by, μ)Ci(μ) ⋅ ϕp([x′ ], [b′ ], μ)ϕM(y, by, μ) ⋅ ΠiS(xi, bi)St(xi)

Two-body non-leptonic  decaysΛb

• Kinematics 

• PQCD formula for two-body decays

 
 

k1 = ((1 − x3)p+, (1 − x2)p−, k1T)
k2 = (0,x2 p−, k2T)
k3 = (x3p+,0,k3T)



• Bessel functions

12-dimensional integration 
sample ⪆ 1010

1-dimensional integration 
sample5 ∼ 6



𝒜 = ⟨M2M3 |ℋ |B⟩

∼ ∫
d4k1

(2π)4

d4k2

(2π)4

d4k3

(2π)4
ΨB(k1, μ)Ψ2(k2, μ)Ψ3(k3, μ) ⋅ H(k1, k2, k3, μ)Ci(μ)

∼ ∫
1

0
dx2dx2dx3 ∫

d2k1T

(2π)2

d2k2T

(2π)2

d2k3T

(2π)2
ϕB(x1, k1T, μ)ϕ2(x2, k2T, μ)ϕ3(x3, k3T, μ) ⋅ H(x1, x2, x3, k1T, k2T, k3T, μ)Ci(μ)

• PQCD approach (based on  factorization): retain transverse momentum of parton  

🔘propagator

kT kT

∼
1

x1x2Q2 + |kiT |2

H(xi, bi) ∼ ∫
d2k1T

(2π)2

d2k3T

(2π)2
eib⋅k1Teib⋅k3T

N1(x1, x2, x3)
x1x3M2

B − |k1T − k3T |2

N2(x1, x2, x3)
M2

B(1 − x3) − |k3T |2

∼ N1(x1, x2, x3)N2(x1, x2, x3) ⋅ [K0( x1x3M2
Bb1)I0( (1 − x3)M2

Bb3)K0( (1 − x3)M2
Bb1)Θ(b3 − b1) + K0( x1x3M2

Bb1)I0( (1 − x3)M2
Bb1)K0( (1 − x3)M2

Bb3)Θ(b1 − b3)]

∼ ∫
1

0
dx1dx2dx3 ∫ d2b1d2b2d2b3ϕB(x1, b1, μ)ϕ2(x2, b2, μ)ϕ3(x3, b3, μ) ⋅ H(x1, x2, x3, b1, b2, b3, μ)Ci(μ)× ΠiS(xi, bi)× St(xi)

after Fourier tramsform

after resum double-log term

∼ ∫
1

0
dx2dx2dx3 ∫

d2k1T

(2π)2

d2k2T

(2π)2

d2k3T

(2π)2
ϕB(x1, k1T, μ)ϕ2(x2, k2T, μ)ϕ3(x3, k3T, μ) ⋅ H(x1, x2, x3, k1T, k2T, k3T, μ)Ci(μ) × ΠiS(xi, kiT)



Determine  from S(Q, kiT) S(Q, bi)

S(Q, bi, α, β, . . . ) = ∫
d2kT

(2π)2
eib⋅kTS(Q, kT, α, β, . . . )

= ∫
∞

0
kTdkT ∫

2π

0
dθeibkTcosθS(Q, kT, α, β, . . . )

= ∫
∞

0
dkT2πkTJ(0,bkT)S(Q, kT, α, β, . . . )

❓ fit α, β, γ . . .

S(Q, kT) = γ(Q) ⋅ Exp [−α(Q)ln2 (
ln(Q /ΛQCD

ln(kT /ΛQCD ) + β(Q)ln (
ln(Q /ΛQCD

ln(kT /ΛQCD )]
S(Q, kT) → 0 when kT → 0 or ∞


